Effective Field Theory: A Modern Approach to Anomalous Couplings by Degrande, Celine et al.
ar
X
iv
:1
20
5.
42
31
v1
  [
he
p-
ph
]  
18
 M
ay
 20
12
May 21, 2012
MPP-2011-149
SI-HEP-2011-17
CP3-12-25
Effective Field Theory:
A Modern Approach to Anomalous Couplings
Ce´line Degrande,1,2 Nicolas Greiner,1,3 Wolfgang Kilian,1,4 Olivier Mattelaer,2
Harrison Mebane,1 Tim Stelzer,1 Scott Willenbrock,1 and Cen Zhang1,2
1Department of Physics, University of Illinois at Urbana-Champaign
1110 West Green Street, Urbana, IL 61801
2Institut de Physique The´orique and Centre for Particle Physics and Phenomenology (CP3)
Universite´ Catholique de Louvain
Chemin du Cyclotron 2, B-1348 Louvain-la-Neuve, Belgium
3Max-Planck-Institut fu¨r Physik, Fo¨hringer Ring 6, 80805 Mu¨nchen, Germany
4University of Siegen, Fachbereich Physik, D-57068 Siegen, Germany
Abstract
We advocate an effective field theory approach to anomalous couplings. The ef-
fective field theory approach is the natural way to extend the standard model such
that the gauge symmetries are respected. It is general enough to capture any physics
beyond the standard model, yet also provides guidance as to the most likely place to
see the effects of new physics. The effective field theory approach also clarifies that one
need not be concerned with the violation of unitarity in scattering processes at high
energy. We apply these ideas to pair production of electroweak vector bosons.
1 Introduction
In this paper we compare and contrast two conceptual frameworks that were contempora-
neously introduced into particle physics in the late 1970’s: effective field theory [1, 2] and
anomalous couplings of electroweak vector bosons [3]. We argue in favor of the effective-
field-theory approach, and suggest that the time has come to retire the anomalous-coupling
framework. Although we concentrate on the case of electroweak vector bosons, our argu-
ments apply to all anomalous-coupling paradigms.
The anomalous couplings of electroweak vector bosons were introduced at a time when
it was not certain that the electroweak interaction was a spontaneously broken gauge theory
(although it was widely believed to be the case) [3]. Thus there was some motivation to
extend the framework of the standard electroweak theory [4, 5] to allow for vector-boson
interactions that differed from the gauge-theory prescription [3, 6]. That motivation has
evaporated now that we have a wide variety of precision measurements of electroweak pro-
cesses. It is overly permissive to consider an extension of the standard electroweak model
that does not incorporate SU(3)C×SU(2)L×U(1)Y gauge symmetry. In particular, there is
no well-defined prescription to employ anomalous couplings in the loop calculations that are
necessary to describe the precision electroweak data. In contrast, the effective-field-theory
framework allows for the unambiguous calculation of loop effects [7, 8, 9]. While anoma-
lous couplings were perhaps useful at one time, they are now much too crude to be used to
confront theory with experiment.
One of the unpleasant complications of anomalous couplings, even at tree level, is that
they are often promoted from constants to arbitrarily-chosen form factors [10, 11, 12]. We ar-
gue that this complication is absent in the effective-field-theory approach. Thus the effective-
field-theory framework is also cleaner and simpler than that of anomalous couplings.
Effective field theory ideas have already been used in the context of anomalous couplings
[7, 8, 9, 13, 14, 15], but these ideas have not been fully embraced by the high-energy commu-
nity. We hope to convince the reader that the time is ripe to adopt the effective field theory
approach and abandon the anomalous couplings framework.
2 Effective Field Theory
There are two methods to search for physics beyond the standard model. One is to look for
the new physics directly, via the production of new particles. The other is to look for novel
interactions of the known particles of the standard model. Here we are focussed on the latter
method.
We desire to take a model-independent approach to the physics of nonstandard interac-
tions. A model-independent approach is useful in two respects. First, it allows one to search
for new physics without committing to a particular extension of the standard model. Second,
in the case that no new physics should appear, it allows one to quantify the accuracy with
which the new physics is excluded.
When contemplating a model-independent approach to nonstandard interactions, there
are a number of desirable features that one should incorporate:
• Any extension of the standard model should satisfy the S-matrix axioms of unitary,
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analyticity, etc.
• The symmetries of the standard model, namely Lorentz invariance and SU(3)C ×
SU(2)L × U(1)Y gauge symmetry, should be respected.
• It should be possible to recover the standard model in an appropriate limit.
• The extended theory should be general enough to capture any physics beyond the
standard model, but should give some guidance as to the most likely place to see the
effects of new physics.
• It should be possible to calculate radiative corrections at any order in the standard-
model interactions in the extended theory.
• It should be possible to calculate radiative corrections at any order in the new inter-
actions of the extended theory.
The unique way to incorporate all of these features is via an effective quantum field theory.
The first two features alone indicate a quantum field theory. The remaining features are
captured by an effective quantum field theory [1, 2].
An effective quantum field theory of the standard model is constructed as follows. The
standard model is the most general theory of quark and lepton fields, along with a single
Higgs doublet field, interacting via an SU(3)C × SU(2)L × U(1)Y gauge symmetry, where
all operators (that is, products of fields) in the Lagrangian are restricted to be of mass
dimension four or less.1 To extend the theory, add operators of higher dimension. By
dimensional analysis, these operators have coefficients of inverse powers of mass, and hence
are suppressed if this mass is large compared with the experimentally-accessible energies.
The dominant extended operators will therefore be those of the lowest dimensionality. There
is only one operator of mass dimension five, and it is responsible for generating Majorana
masses for neutrinos [16]. There are many operators of dimension six, but typically only a
few contribute to a given physical process [17, 18]. It is the dimension-six operators that
will concern us throughout this article.
As is customary, we will denote the mass scale that characterizes the coefficients of
the higher-dimension operators as Λ. It can be regarded as the scale of new physics. The
underlying assumption of an effective quantum field theory is that this scale is large compared
with the experimentally-accessible energies. Thus an effective field theory is the low-energy
approximation to the new physics, where “low” means less than Λ. The scale Λ could be
anywhere from about a TeV up to the Planck scale. The framework is so general that the
new physics could be anything, including new particles, extra spacetime dimensions, or even
physics that is not described by ordinary quantum field theory (such as string theory).
The effective quantum field theory of the standard model is (ignoring the one dimension-
five operator involving only lepton and Higgs fields)
L = LSM +
∑
i
ci
Λ2
Oi + · · · (1)
1In practice all operators, except the quadratic term in the Higgs potential, are of dimension four.
2
where Oi are the dimension-six operators, and the ellipsis indicates the yet higher-dimension
operators.2 The coefficients ci are dimensionless, and parameterize the strength with which
the new physics couples to the standard-model particles.
An example of an effective field theory is provided by extending the standard model
to include a heavy Z ′ boson. At energies less than the Z ′ mass, one will not observe the
Z ′ directly, but one can see its indirect effects. For example, the exchange of a Z ′ boson
between two standard-model fermion currents would appear as a four-fermion interaction at
low energies, that is, at energies less than the Z ′ mass. This is a dimension-six operator. It
will be suppressed by two inverse powers of the Z ′ mass, coming from the Z ′ propagator;
thus Λ = MZ′. The dimensionless coefficient c will be the product of the couplings of the
standard-model fermions to the Z ′. This example is analogous to the way the Fermi theory
of the weak interaction arises from the Standard Model at energies below theW boson mass.
Referring to our list of desirable features above, we see that the standard model is recov-
ered in the limit Λ→∞. Since any new physics will look like a quantum field theory at low
energies, the effective field theory is general enough to capture the low-energy effects of any
physics beyond the standard model, as long as we include all possible terms consistent with
the symmetries of the theory. However, by dimensional analysis we expect the dimension-six
operators to be dominant, so the theory provides some guidance as to the most likely place
to see the effects of new physics.3 Finally, the extended theory can be used to calculate both
tree-level and loop processes [19].
In the effective field theory approach one must completely specify the particle content of
the theory, that is, the fields from which the operators Oi are constructed. These are the
fields present at low energies, that is, energies less than Λ. We assume that these are the
fields of the standard model, including the usual Higgs doublet field, and nothing more. We
include the Higgs doublet field because precision electroweak data support the presence of
a Higgs boson at low energy [20].4 If future experiments should reveal new particles at low
energies (including an extended Higgs sector), then one would need to revise the effective
field theory to include the associated fields.
An effective quantum field theory is only useful up to energies of order Λ. At energies
beyond that, there is no justification for neglecting operators of dimension greater than six,
since they are not suppressed. Operators of arbitrarily high dimension become important,
and since there are an infinite number of them the usefulness of the approach is lost. Our
discussion of a Z ′ boson above provides an example. As the experimentally-accessible ener-
gies approach the Z ′ mass, the yet higher-dimension operators are no longer suppressed, and
the effective field theory becomes useless. It is replaced by a new theory which includes a Z ′
among its low-energy content. One can then develop a new effective field theory, including
the Z ′, to parameterized the low-energy effects of new physics at a yet higher scale. Thus
the effective field theory approach is adaptable as we discover new heavy particles.
2Only even-dimensional operators conserve both lepton and baryon number. A proof is provided in
Appendix A.
3For some physical processes, operators of dimension seven or greater may be dominant, and can be
included.
4If the physics of electroweak symmetry breaking is at a scale much greater than the W mass, then an
effective field theory with SU(2)L × U(1)Y realized nonlinearly is indicated [21, 22, 23]. The application of
such an approach to electroweak vector boson pair production is pursued in Ref. [24].
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3 Dimension-Six Operators
There are many dimension-six operators, but only a few of them affect any given physical
process [18]. Thus, by making a variety of measurements, one can measure or constrain
many of the coefficients of these operators. The number of independent B- and L-conserving
dimension-six operators is 59 for one generation of quarks and leptons [25].
Electroweak vector boson pair production involves the coupling of the electroweak vector
bosons to fermions and to each other. The coupling of the electroweak vector bosons to
fermions is generally constrained by other processes, so it is reasonable to focus on the
electroweak vector boson self interactions when considering the contribution of dimension-
six operators to electroweak vector boson pair production. Assuming C and P conservation,
there are just three independent dimension-six operators that affect the electroweak vector
boson self interactions [9]. There is some flexibility in which three operators are chosen. We
follow Ref. [9] and chose the three independent C and P conserving operators to be
OWWW = Tr[WµνW
νρW µρ ] (2)
OW = (DµΦ)
†W µν(DνΦ) (3)
OB = (DµΦ)
†Bµν(DνΦ) (4)
where Φ is the Higgs doublet field and
Dµ = ∂µ +
i
2
gτ IW Iµ +
i
2
g′Bµ (5)
Wµν =
i
2
gτ I(∂µW
I
ν − ∂νW
I
µ + gǫIJKW
J
µW
K
ν ) (6)
Bµν =
i
2
g′(∂µBν − ∂νBµ) (7)
This is a good choice of operators as they are constrained only by electroweak vector boson
pair production [26].
There is no reason to believe that C and P are conserved by the dimension-six operators,
unless the physics beyond the standard model respects these symmetries. If we allow for C
and/or P violation, there are two additional operators, which we choose to be
OW˜WW = Tr[W˜µνW
νρW µρ ] (8)
OW˜ = (DµΦ)
†W˜ µν(DνΦ) (9)
Thus there are three C and P conserving dimension-six operators and two operators that
violate C and/or P . Together these five operators parameterize the leading effect of physics
beyond the standard model on the electroweak vector boson self interactions.
4 Anomalous Couplings
Anomalous couplings of electroweak vector bosons are discussed in one of two formalisms: a
Lagrangian or a vertex function. Here we discuss these two approaches and compare them
with the effective field theory approach discussed in the previous sections.
4
4.1 Lagrangian approach
The Lagrangian approach to anomalous couplings is based on the Lagrangian [6]
L = igWWV
(
gV1 (W
+
µνW
−µ −W+µW−µν)V
ν + κVW
+
µ W
−
ν V
µν +
λV
M2W
W ν+µ W
−ρ
ν V
µ
ρ
+igV4 W
+
µ W
−
ν (∂
µV ν + ∂νV µ)− igV5 ǫ
µνρσ(W+µ ∂ρW
−
ν − ∂ρW
+
µ W
−
ν )Vσ
+κ˜VW
+
µ W
−
ν V˜
µν +
λ˜V
m2W
W ν+µ W
−ρ
ν V˜
µ
ρ
)
(10)
where V = γ, Z;W±µν = ∂µW
±
ν −∂νW
±
µ , Vµν = ∂µVν−∂νVµ, and the overall coupling constants
are defined as gWWγ = −e and gWWZ = −e cot θW . In constructing this Lagrangian, the W
bosons are constrained to be on shell and the scalar components of the neutral gauge bosons
are neglected [6]. These are appropriate constraints for application of this Lagrangian to
electroweak vector boson pair production, so they do not imply a loss of generality. None of
these constraints need be imposed on the effective field theory, however; it is valid for both
real and virtual particles, and for all field components.
The first three terms of Eq. (10) respect C and P , and the remaining four terms violate
C and/or P . Electromagnetic gauge invariance implies that gγ1 = 1 and g
γ
4 = g
γ
5 = 0. Thus
there are five independent C- and P -conserving parameters: gZ1 , κγ, κZ , λγ, λZ ; and six C
and/or P violating parameters: gZ4 , g
Z
5 , κ˜γ, κ˜Z , λ˜γ, λ˜Z
This is the most general Lagrangian describing the trilinear interaction of electroweak
vector bosons, but only in a limited sense. The Lagrangian contains all possible Lorentz
structures, each constructed with the fewest number of derivatives. However, one can con-
struct an infinite number of additional terms by adding derivatives, ∂µ [6]. Each derivative
would be accompanied by a factor of M−1W , since this is the only mass in the theory (cf.
the two dimension six terms proportional to λV and λ˜V ). These additional terms are not
suppressed at energies above the W mass, and thus there is no principle instructing one to
neglect them. This is in contrast to the effective field theory approach, where each additional
power of Dµ is accompanied by a factor of Λ
−1, and is hence suppressed. If one were to argue
that only the lowest dimension operators should be kept (as in an effective field theory), then
there would be no rationale for keeping the two dimension six terms proportional to λV and
λ˜V and dropping terms constructed from the other terms with two derivatives added, which
are also dimension six. This Lagrangian lacks the systematic expansion in powers of Λ−1
present in an effective field theory.
This is not the Lagrangian of a modern effective field theory. No attention has been
paid to the issue of SU(2)L × U(1)Y gauge symmetry, despite the fact that the Lagrangian
is constructed from the electroweak vector bosons. If this Lagrangian is used for tree-level
calculations, it leads to violation of unitarity bounds at high energy, with no prescription for
how to deal with them [10, 11, 12]. The issue of unitarity bounds is discussed in Section 6.
In loop calculations, it generally yields ultraviolet divergences, again with no prescription for
how to handle them [7, 8, 9]. Thus this Lagrangian lacks many of the virtues of an effective
field theory.
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4.2 Vertex function approach
The vertex function approach is the momentum-space analogue of the Lagrangian approach.
The vertex-function approach parameterizes the trilinear vector boson vertex function as
[3, 6]
ΓαβµV = f
V
1 (q − q¯)
µgαβ −
fV2
M2W
(q − q¯)µP αP β + fV3 (P
αgµβ − P βgµα)
+ifV4 (P
αgµβ + P βgµα) + ifV5 ǫ
µαβρ(q − q¯)ρ
−fV6 ǫ
µαβρPρ −
fV7
m2W
(q − q¯)µǫαβρσPρ(q − q¯)σ (11)
where P, q, q¯ are the four-momenta of V,W−,W+, respectively. The W bosons are con-
strained to be on shell, and the scalar components of the neutral gauge bosons are neglected,
but as in the Lagrangian approach this does not imply a loss of generality when applied to
electroweak vector boson pair production. The first three terms respect C and P , and the
remaining four terms violate C and/or P .
The coefficients fVi are form factors that depend on P
2. The functional form of the
fVi (P
2) is arbitrary. This is the momentum space analogue of the infinite number of terms
in the Lagrangian approach that can be constructed by including more derivatives. The W
boson electric charge implies that f γ1 (0) = 1, and the electromagnetic Ward identity implies
that f γ4 , f
γ
5 are proportional to P
2 [6]. These are the momentum space analogues of the
constraints imposed by electromagnetic gauge invariance in the Lagrangian approach.
As in the Lagrangian approach to anomalous couplings, no attention has been paid
to the issue of SU(2)L × U(1)Y gauge invariance. The form factors are often chosen to
be suppressed at large P 2 in order to avoid violation of unitarity bounds, but there is no
prescription for how to do this. The issue of unitarity bounds is discussed in Section 6. There
is no prescription for how to use the vertex function approach in loop calculations. Thus all
the virtues of effective field theory that the Lagrangian approach lacks are also lacking in
the vertex function approach.
It is not uncommon to see an approach used which confuses the Lagrangian and vertex
function approaches. A Lagrangian such as Eq. (10) is written down, but the parameters
gZ1 , κγ, etc. are treated as form factors, that is, as functions of P
2. This makes no sense,
as the Lagrangian is written in position space, not momentum space, so the Lagrangian
parameters cannot be functions of momentum. This approach has all the deficiencies of the
Lagrangian and vertex function approaches and should be abandoned.
5 Anomalous Couplings from Effective Field Theory
The effective field theory approach allows us to reframe some analyses that have been per-
formed using the anomalous coupling formalism. If the anomalous couplings were taken
to be constant Lagrangian parameters, then we can reinterpret them as the coefficients of
6
dimension six operators. By reframing the results in terms of dimension six operators, all of
the desirable features of the effective field theory, listed in Section 2, remain intact.
When anomalous couplings are derived from an effective field theory it is important to
remember that they, like the underlying effective field theory, are only valid below the scale
of new physics, Λ. This is in stark contrast to the original use of anomalous couplings, which
were regarded as being valid to arbitrarily high energy [3, 6].
The effective field theory approach described in the previous section allows one to cal-
culate the parameters gZ1 , κ
γ , etc., in terms of the coefficients of the five dimension-six
operators. Calling these coefficients cWWW , cW , cB, cW˜WW , cW˜ , one finds [9, 13]
gZ1 = 1 + cW
m2Z
2Λ2
(12)
κγ = 1 + (cW + cB)
m2W
2Λ2
(13)
κZ = 1 + (cW − cB tan
2 θW )
m2W
2Λ2
(14)
λγ = λZ = cWWW
3g2m2W
2Λ2
(15)
gV4 = g
V
5 = 0 (16)
κ˜γ = cW˜
m2W
2Λ2
(17)
κ˜Z = −cW˜ tan
2 θW
m2W
2Λ2
(18)
λ˜γ = λ˜Z = cW˜WW
3g2m2W
2Λ2
(19)
Defining ∆gZ1 = g
Z
1 − 1, ∆κγ,Z = κγ,Z − 1, we find the relation [9]
∆gZ1 = ∆κZ + tan
2 θW∆κγ (20)
This, together with the relation λγ = λZ , reduces the five C and P violating parameters
down to three. For the C and/or P violating parameters, we find the relation
0 = κ˜Z + tan
2 θW κ˜γ (21)
This, together with the relations λ˜γ = λ˜Z and g
Z
4 = g
Z
5 = 0 reduces the six C and/or P
violating parameters down to just two. Thus the effective field theory approach not only
has the many virtues that are lacking in the anomalous coupling approach, it is far simpler.
It provides a well motivated framework with a minimal set of parameters, which is often
required due to the limited precision of the experiments.
These relations amongst the anomalous couplings are present because we have restricted
our attention to dimension six operators, which are expected to be dominant. If one includes
dimension eight operators, one generally finds that these relations are no longer valid [9].
Nevertheless, one expects violations of these relations to be small. This is an example of
one of the desirable features of an effective field theory described in Section 2. The theory
is general enough to describe all possible new physics, but provides guidance as to the most
likely place to find it.
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We can invert the above equations to find expressions for the coefficients of the dimension
six operators in terms of the anomalous couplings:
cW
Λ2
=
2
M2Z
∆gZ1 =
2
M2Z
(tan2 θW∆κγ +∆κZ) (22)
cB
Λ2
=
2
M2W
∆κγ −
2
M2Z
∆gZ1 (23)
=
2
tan2 θWM
2
Z
∆gZ1 −
2
sin2 θWM2Z
∆κZ =
2
M2Z
(∆κγ −∆κZ) (24)
cWWW
Λ2
=
2
3g2m2W
λγ =
2
3g2m2W
λZ (25)
cW˜
Λ2
=
2
m2W
κ˜γ = −
2
tan2 θWm2W
κ˜Z (26)
cW˜WW
Λ2
=
2
3g2m2W
λ˜γ =
2
3g2m2W
λ˜Z (27)
These equations are only valid if the anomalous couplings are treated as constants, that is,
independent of energy. As we mentioned at the end of the previous section, it is inappropriate
to treat them otherwise. These relations can be used to extract the coefficients of the
dimension six operators from a variety of different processes. This tests the assumption that
the contributions from dimension eight operators are negligible.
The form factors of the vertex-function approach may also be calculated from the effective
field theory. We find
f γ1 = 1 + cWWW
3g2P 2
4Λ2
(28)
fZ1 = 1 + cW
m2Z
Λ2
− cWWW
3g2P 2
4Λ2
(29)
f γ2 = f
Z
2 = cWWW
3g2m2W
2Λ2
(30)
f γ3 = 2 + (cB + cW )
m2W
2Λ2
+ cWWW
3g2m2W
2Λ2
(31)
fZ3 = 2 +
(
cW (1 + cos
2 θW )− cB sin
2 θW
) m2Z
2Λ2
+ cWWW
3g2m2W
2Λ2
(32)
fV4 = f
V
5 = 0 (33)
f γ6 = +cW˜
m2W
2Λ2
− cW˜WW
3g2m2W
2Λ2
(34)
fZ6 = −cW˜ tan
2 θW
m2W
2Λ2
− cW˜WW
3g2m2W
2Λ2
(35)
f γ7 = f
Z
7 = −cW˜WW
3g2m2W
4Λ2
(36)
The C and P conserving form factors are expressed in terms of the three independent pa-
rameters of the effective field theory. In addition, the P 2 dependence of the form factors are
found to be constant or linear. The C and/or P violating form factors are constants, and
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SM
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1
H400 GeVL2
Unitarity Bound
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L
Figure 1: Differential cross section versus invariant mass for the process pp → W+W− at
the CERN Large Hadron Collider (14 TeV). Both the SM cross section and the cross section
including the dimension six operator OWWW are shown. Also shown is the unitarity bound
on the cross section. Results were generated with Whizard [27] and checked with MadGraph
[28].
are expressed in terms of just two parameters. These results are just the momentum-space
analogues of the results for the Lagrangian parameters above.
6 Unitarity bounds
Among the implications of S-matrix unitarity for scattering processes is an upper bound
on the partial wave amplitudes. In the case of electroweak vector boson pair production,
this upper bound is far above the standard model result. For example, we show in Fig. 1
the invariant mass spectrum for W+W− production in the standard model at the CERN
Large Hadron Collider (14 TeV), as well as the upper bound on the cross section obtained
by saturating the J = 1 partial wave amplitude (see Appendix B). We also show in Fig. 1
the W+W− cross section obtained by adding the operator OWWW to the standard model,
with a coefficient cWWW/Λ
2 = (400 GeV)−2. The cross section deviates from the standard
model at large invariant mass, as expected.
In the effective-field-theory approach, the unitarity bound is irrelevant [13]. Dimension-
six operators yield terms in the amplitude that grow like s/Λ2, and will eventually violate the
unitarity bound at high energy. However, when that happens the effective field theory has
become useless, and should be discarded. Once s/Λ2 is of order unity, there is no justification
for ignoring the yet higher-dimension operators, since they are not suppressed.
In contrast, consider the anomalous couplings approach. Since the couplings reside in
the Lagrangian, they are necessarily constants (that is, independent of energy). However,
constant anomalous couplings yield amplitudes that grow like s/M2W , and eventually violate
the unitarity bound at high energy. To avoid this, one abandons the Lagrangian in favor of
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a vertex function, and chooses the form factors be to functions of s such that they fall off at
large s [10, 12].5 The unitarity bound is thus respected at arbitrarily high energies. As we
mentioned earlier, the two approaches are sometimes confused and the Lagrangian couplings
are taken to be functions of s, which makes no sense.
This discussion highlights the conceptual difference between the effective field theory
approach and that of anomalous couplings. The effective field theory is, by construction,
a low-energy theory, and has no ambitions of being applicable at arbitrarily high energy.
In contrast, anomalous couplings do not come equipped with an associated energy scale at
which they should no longer be trusted. Form factors are introduced to ensure that the
unitarity bound is respected at arbitrarily high energy. This is overly restrictive. The only
relevant constraint is that the theory respect the unitarity bound in the region where there
is data. Since the data necessarily respect the unitarity bound, an effective field theory that
fits the data will automatically respect the bound.
The cross section in Fig. 1 is generated by adding the contribution of the dimension six
operator to the amplitude, and then squaring. It therefore is the sum of the SM cross section,
the interference between the SM and the dimension-six contribution, and the square of the
dimension six contribution. For this choice of physical process and dimension six operator,
the interference term is order v2/Λ2, and does not grow with energy. The square of the
dimension six contribution is order s2/Λ4, and leads to the growth of the cross section at
high invariant mass.
If data were obtained that were fit by the nonstandard curve in Fig. 1, one could conclude
that cWWW/Λ
2 ≈ (400 GeV)−2. One cannot separate the coefficient cWWW from the energy
Λ; only the ratio cWWW/Λ
2 is obtained. However, if the data fits the curve at all measured
invariant masses then Λ must be greater than the invariant mass of the largest data point. In
addition, one can conclude that Λ must be less than the energy at which the curve violates
unitarity (not shown in the figure). Hence one could bound Λ from above and from below.
A measurement of cWWW/Λ
2 ≈ (400 GeV)−2 does not indicate that Λ ≈ 400 GeV. The
coefficient cWWW is not constrained to be unity; it can be much less or much greater. The
only constraint on cWWW is from the validity of perturbation theory. The dimension six
amplitude is order cWWWs/Λ
2, and perturbation theory should be valid up to energies of
order Λ. At these energies the amplitude is order cWWW ; convergence of the loop expansion
requires cWWW < (4π)
2.
7 Conclusions
We have argued that the time has come to abandon anomalous couplings in favor of the
more modern and powerful effective field theory approach. We discussed the many virtues of
effective field theory that make it the ideal approach to nonstandard interactions of standard-
model particles. Effective field theory can be used at both tree level and loop level, and is
renormalizable in the modern sense; it incorporates the gauge symmetries of the standard
model; and it is general enough to describe the low-energy effects of any physics beyond
the standard model, while providing guidance as to the most likely places to observe these
5Form factors are typically chosen proportional to (1+ s/Λ2)−n, where Λ is referred to as the form-factor
or cutoff scale. This is not to be confused with the scale Λ of an effective field theory, Eq. (1).
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effects. Anomalous couplings are guaranteed to inherit these virtues only if they are derived
from an effective field theory.
We applied these ideas to pair production of electroweak vector bosons. We showed
that, in addition to its many virtues, the effective field theory approach is simpler than that
of anomalous couplings in that there are fewer parameters. We also argued that unitarity
bounds on cross sections are irrelevant in the effective field theory approach, providing yet
another simplification. Given its many virtues and its simplifying features, it makes good
sense to adopt the effective field theory approach to nonstandard interactions of electroweak
vector bosons as well as all other standard-model particles.
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Lorentz indices SU(2) indices Dimension Total
f¯LfR, f¯RfL 0 1 3 4
f¯Lγ
µfL 1 2 3 6
f¯Rγ
µfR 1 0 3 4
f¯Lσ
µνfR, f¯Rσ
µνfL 2 1 3 6
φ, φ˜ 0 1 1 2
Dµ 1 0 1 2
Bµν , Gµν , W Iµν 2 0 2 4
Effective operator even even D D+even
Table 1: The number of Lorentz vector and SU(2) fundamental indices, and the dimension,
of the fields and operators. The last row is the effective operator of dimension D constructed
from above fields and operators.
Appendices
A Odd-Dimensional Operators Violate Lepton and/or
Baryon Number
If an effective operator conserves baryon and lepton number, the fermion fields must be
paired up to form terms such as f¯LfR, f¯Lγ
µfL, f¯Lσ
µνfR, etc. There is no need to put in
γ5, because fL and fR are eigenstates of γ5. These operators, combined with other standard
model fields, are the basic “building blocks” of any operator. We put these operators and
fields in the first column of Table 1.
An effective operator will be composed of some combination of the operators and fields
in Table 1. Each of these operators and fields has some Lorentz indices and some SU(2)
fundamental representation indices, but the effective operator must be invariant under both
the Lorentz and SU(2) groups. Therefore, the total number of Lorentz indices in the effective
operator must be even because we need either two vectors to form a scalar or four vectors
to form a pseudoscalar. Similarly, the total number of SU(2) fundamental representation
indices in the operator must be even because we need two such indices to form an SU(2)
singlet or triplet. These numbers are shown in the second and third columns of Table 1.
Recall that fL is an SU(2) doublet and fR is a singlet.
The dimension of each of the “building blocks” is shown in the fourth column of Table 1.
We denote the dimension of the effective operator constructed from these ingredients by D.
If we add the first three numbers in each row of Table 1, the result is always an even number,
so the sum of these numbers for any given lepton- and baryon-number-conserving operator
must be even as well. The sum of the last row in the Table is D plus an even number. We
conclude that D, the dimension of the operator, must be an even number.
12
B Derivation of Cross Section Unitarity Bound
We start with the partial wave expansion for a scattering amplitude T :
T (λ1λ2 → λ3λ4) = 16π
∞∑
j=0
(2j + 1)ajD
j
λ1−λ2,λ3−λ4
(37)
Note that the D-functions are orthogonal:∫
d(cos θ)Djλ1−λ2,λ3−λ4D
j′ ∗
λ1−λ2,λ3−λ4
=
2
2j + 1
δjj
′
(38)
Thus ∫
d(cos θ)|T |2 = 2|N |2
∞∑
j=0
(2j + 1)|aj|
2 (39)
Define the scattering amplitude in terms of the S matrix, S = 1+ iT . Unitarity requires
that
T †T = 2Im(T ) (40)
Now take the matrix element of (40) between identical two-body states and insert a complete
set of intermediate states on the left-hand side. This can then be written as∫
dPS2 |T
el|2 +
∑
n
∫
dPSn |T
in|2 = 2 Im(T el) (41)
∫
dPS2 |T
el|2 +
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤ 2 Im(T el) (42)
where we removed the sum over n and selected a single 2-body inelastic scattering process.
For massless elastic-scattering particles, the phase space integral gives
1
16π
∫
d(cos θ) |T el|2 +
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤ 2 Im(T el) (43)
∞∑
j=0
(2j + 1)|aelj |
2 +
1
32π
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤
∞∑
j=0
(2j + 1)Im(aelj ) (44)
Now we will assume that the elastic process is dominated by the j = 1 mode and throw
away all other terms:
3|ael0 |
2 +
1
32π
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤ 3Im(ael0 ) (45)
1
32π
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤ 3Im(ael0 )
(
1− Im(ael0 )
)
(46)
1
32π
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤
3
4
(47)
∑
λ3,λ4
∫
dPS2 |T
in|2 ≤ 24π (48)
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For the process qq¯ →WW , averaging over colors and initial-state spins, we find the bound
σtot =
1
2sˆ
1
9
∑
colors
1
4
∑
λ1,λ2
∑
λ3,λ4
∫
dPS2 |T
in|2 (49)
≤
2π
sˆ
(50)
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